Context: Patients with hypopituitarism have increased morbidity and mortality. There is ongoing debate about the optimum glucocorticoid (GC) replacement therapy. Objective: To assess the effect of GC replacement in hypopituitarism on corticosteroid metabolism and its impact on body composition. Design and patients: We assessed the urinary corticosteroid metabolite profile (using gas chromatography/mass spectrometry) and body composition (clinical parameters and full body DXA) of 53 patients (19 female, median age 46 years) with hypopituitarism (33 ACTH-deficient/20 ACTH-replete) (study A). The corticosteroid metabolite profile of ten patients with ACTH deficiency was then assessed prospectively in a cross over study using three hydrocortisone (HC) dosing regimens (20/10 mg, 10/10 mg and 10/5 mg) (study B) each for 6 weeks. 11 beta-hydroxysteroid dehydrogenase 1 (11b-HSD1) activity was assessed by urinary THFC5a-THF/THE. Setting: Endocrine Centres within University Teaching Hospitals in the UK and Ireland. Main outcome measures: Urinary corticosteroid metabolite profile and body composition assessment. Results: In study A, when patients were divided into three groups -patients not receiving HC and patients receiving HC%20 mg/day or HCO20 mg/day -patients in the group receiving the highest daily dose of HC had significantly higher waist-to-hip ratio (WHR) than the ACTH replete group. They also had significantly elevated THFC5a-THF/THE (PZ0.0002) and total cortisol metabolites (PZ0.015). In study B, patients on the highest HC dose had significantly elevated total cortisol metabolites and all patients on HC had elevated THFC5a-THF/THE ratios when compared to controls. Conclusions: In ACTH-deficient patients daily HC doses of O20 mg/day have increased WHR, THFC5a-THF/THE ratios and total cortisol metabolites. GC metabolism and induction of 11b-HSD1 may play a pivitol role in the development of the metabolically adverse hypopituitary phenotype.
Introduction
Patients with hypopituitarism have increased morbidity and mortality (1) , with an all-cause standardised mortality ratio (SMR) elevated in men and women (2) and with most studies reporting increased cardiovascular (3) and cerebrovascular events (4, 5) . The exact mechanisms underpinning this increased mortality have not been fully elucidated and a number of possible factors have been postulated, including metabolic and body composition changes in patients who have anterior pituitary dysfunction, combined with the relative impact of pharmacological therapies used to replace these deficiencies (1) .
Patients on conventional replacement therapy for hypopituitarism (excluding GH replacement therapy) exhibit abnormalities of protein, fat and carbohydrate metabolism, which contributes to the reduced lean mass, increased fat mass and abnormal body composition observed. There is a propensity to central obesity and visceral fat deposition is significantly increased compared to control subjects with similar BMI (6, 7) . In the general population, visceral adiposity is associated with the metabolic syndrome, insulin resistance/diabetes mellitus, hypercholesterolemia and hypertension (8, 9) .
The role of adrenocorticotrophin (ACTH) deficiency and glucocorticoid (GC) replacement on morbidity and mortality in this patient group is under increasing scrutiny. Cortisol production rates in normal subjects are considerably less than those defined from isotope studies in the 1960s-1970s (10, 11) . In recent years, endocrinologists have tried to decrease GC replacement doses to levels that ensure adequate replacement but do not lead to overtreatment. In a large cohort of patients with acromegaly, we have recently shown that ACTH deficiency and hydrocortisone (HC) doses of O25 mg/day are independently associated with increased mortality (12) . Fillipson et al. (13) have described an adverse metabolic profile in a cohort of growth hormone (GH)-deficient hypopituitary patients receiving higher doses of GC replacement.
It is possible that subtle increases in GC exposure in patients on GC replacement therapy over prolonged periods might contribute to increased morbidity, as occurs in patients with Cushing's syndrome (14, 15) .
A further confounding issue is the tissue regulation of GC action through the two isozymes of 11 beta-hydroxysteroid dehydrogenase (11b-HSD), type 1 and 2. 11b-HSD1 is responsible for the activation of cortisol from cortisone in key metabolic tissues including liver, adipose tissue and muscle (16) . Expression and activity of 11b-HSD1 has been implicated in many of the features of metabolic syndrome, notably hepatic glucose output, the accumulation of visceral adipose tissue and muscle insulin resistance (16) . In vitro, GCs themselves positively regulate 11b-HSD1 mRNA and activity (16) .
On this background we hypothesised that corticosteroid metabolism is altered in hypopituitarism due to supraphysiological GC replacement therapy and the ensuing increase in tissue-specific cortisol metabolism contributes to the changes in body composition.
The aim of this study was to assess the effect of HC therapy on corticosteroid metabolism and 11b-HSD1 in vivo by assessing the urinary corticosteroid metabolite profile in hypopituitary patients and to analyse the potential impact on body composition.
Study methods and design
Cross-sectional study patients (study A)
Fifty-three subjects with severe GH deficiency (GHD) were recruited. GHD patients remained GH therapy naïve until the study was completed. Subjects were categorised as those with ACTH deficiency on GC replacement and those who were ACTH-replete (not requiring exogenous GCs). All subjects had pituitary disease. While taking their routine HC doses and other hormone replacement therapies (stable for at least 3 months), each patient provided a 24-h urine collection for assessment of corticosteroid metabolites and underwent dual energy X-ray absorptiometry (DXA) scan for body composition as well as clinical measurements of body composition.
Prospective study patients (study B)
Ten adult male hypopituitary patients with known severe ACTH deficiency on dynamic testing were included in a randomised-controlled, crossover study of three different HC replacement regimens. Patients had been diagnosed and treated for pituitary tumours between 3 and 18 years prior to inclusion in the study.
All patients were on stable appropriate pituitary hormone replacement, including GH, without alteration in dose for at least 3 months prior to and during the study. Hormone-replacement therapy regimens were not adjusted during the study period, except for HC dose, as per study protocol.
Subjects were randomised to a crossover protocol (in random order) of three commonly prescribed doses of HC; dose A -20 mg 0800 h, 10 mg 1600 h; dose B -10 mg 0800 h, 10 mg 1600 h and dose C -10 mg 0800 h, 5 mg 1600 h. At the end of each 6-week treatment schedule patients underwent a physical examination that included BMI, waist circumference (WCM), baseline pituitary blood tests, fasting glucose and insulin measurement and a 24-urine collection for measurement of urinary corticosteroid metabolites. The control participants for this study were ten healthy males, matched for age, BMI and waist circumference who underwent the same biochemical investigations and clinical examination. Data regarding quality of life and serum cortisol profiles in this patient group have previously been published (17) .
Pituitary hormone deficiencies: definition and diagnosis
In study A, GHD was defined by a stimulated peak GH !3 ng/l following insulin-induced hypoglycaemia or the glucagon stimulation test. ACTH deficiency was confirmed if the C30-min cortisol response to a 250 mg 'short' synacthen testing was !550 nmol/l (18), or the peak cortisol !500 nmol/l following insulin-induced hypoglycaemia during an insulin stress test. In the prospective study only subjects with severe ACTH deficiency were included as defined by a basal cortisol !100 nmol/l and a peak-stimulated cortisol !400 nmol/l on stimulation testing. The pituitary-thyroid axis was deficient if the free thyroxine (fT 4 ) concentration was below the local reference range, with an inappropriately low/normal TSH. Hypothalamic-pituitary gonadal dysfunction in males was diagnosed in the setting of a low serum testosterone and inappropriately low/normal gonadotropins. Hypothalamic-pituitary gonadal dysfunction was diagnosed in premenopausal females if the patient was amenorrheic (in the presence of normoprolactinaemia) and in postmenopausal females, if the FSH was inappropriately low.
The anterior pituitary hormone assay methodologies in use in both tertiary referral centres (Queen Elizabeth Hospital, Birmingham and Beaumont Hospital, Dublin) have changed over the last 10 years; the peak cut-off values provided above relate to the assay methodologies currently in use in each centre. However, all test results were interpreted based on the peak cut-off values for the assay in use at the time of testing.
Analytical methods
Measurement of cortisol secretion and metabolism, specifically 11b-HSD1 activity was carried out via urinary gas chromatography/mass spectrometry (GC/MS). GC/MS urinary steroid analysis was carried out for both studies at the Centre for Endocrinology, Diabetes and Metabolism (CEDAM), University of Birmingham using previously reported methodology (19, 20) . Thirty-two steroids are targeted for selected-ion-monitoring analysis, including metabolites of androgens (and precursors), mineralocorticoids (and precursors) and GCs (and precursors).
Quantitative data on excretion of individual steroids requires accurate 24-h sampling and 1 ml of a 24-h collection for analysis. The following isotope labelled internal standards were used; (9,11,12,12- 2 H) cortisol and (9,12,12-2 H) cortisone. The standards were calibrated by HPLC analysis of solubilised, non-labelled standard on known weight. Free steroid was extracted using Sep-pak C18 cartridges (21) . The samples were then derived using 100 ml of 2% methoxyamine hydrochloride in pyridine and 50 ml of trimethylsilylimidazole. Lipidex chromatography was then used to purify the steroid derivative. GC/MS was carried out using a Hewlett Packard 5970 mass spectrometer and 15 m fused-silica capillary column, 0.25 mmID, 0.25 mm film thickness (J&B Scientific, Folsom, CA, USA) using 2 ml of sample. Steroids were quantified by comparing individual peak area to the peak area of the internal standards, for cortisol fragment 605 m/z compared to 609 m/z and for cortisone fragment 531 m/z compared to 534 m/z. The relative peak area was calculated and the metabolite concentration expressed as mg/24 h. A quality control (QC) was analysed with each batch. The intra and inter-assay co-efficient of variance was !10%.
The ratio of THFC5a-THF/THE was used as a marker of 11b-HSD1 activity, providing the UFF/UFE ratio (reflecting 11b-HSD2 activity) was normal (16) . Summation of THFC 5a-THFCTHECcortolsCcortolonesCUFFCUFE was used as a surrogate marker of 24-h total cortisol metabolites as previously validated (22, 23) . Patients' results were compared with a control cohort (26 men, 62 women, age range 18-60 years) as previously reported (20) .
Cortisol is subsequently reduced at the C4-5 double bond to form dihydrocortisol (DHF) or dihydrocortisone (DHE) followed by hydroxylation of the 3-oxo group to form tetrahydrocortisol (THF) and tetrahydrocortisone (THE). The reduction of the C4-5 double bond can be carried out by either 5a-reductase or 5b-reductase to yield respectively, while 5b-THF (THF) or 5a-THF (allo-THF) (16) were assessed in the urine.
bone mineral density using a total body scanner Hologic Discovery A Analysis version 12.4 (Hologic, Inc., Bedford, MA, USA). For total fat and lean mass measurements, coefficients of variation were !3%. Regional fat mass was defined as previously reported (23) . Waist region was defined within a box area between the upper part of D12 and the iliac crest and the thigh region was defined as a box positioned so that its upper border at the level of the inferior border of the hip region. Further division of waist fat was made to characterise the 'central' or 'omental' fat region. Central fat was deemed to be the area overlying the vertebrae below D12 and either side of the vertebral column.
DXA scanning was not performed in study B in view of the short duration of therapeutic intervention, which was unlikely to alter body composition.
Statistical analysis
Statistical analysis was performed using Prism for Windows version 5.0 (GraphPad Software, Inc., San Diego, CA, USA) software. Continuous data were summarised using means and S.D.s (or S.E.M.) if parametrically distributed or medians and inter-quartile ranges if non-parametrically distributed. Parametric data was compared using a paired t-test and non-parametric data was analysed using a Mann-Whitney test. Multiple comparisons were assessed using one-way ANOVA, with Kruskal-Wallis for non-parametric data. Repeated measures analysis was performed using the Friedman test and Dunn's multiple comparison test. Associations between variables were analysed using Pearson correlation for parametric data and Spearman rank correlation for non-parametric data. The level for statistical significance was taken at P!0.05.
Ethics
The cross-sectional study (study A) was approved by the local research ethics committee and Scientific Advisory Committee of the Wellcome Trust Clinical Research Facility at the Queen Elizabeth Hospital, Birmingham at which the study was performed. Patients were recruited from the Pituitary Clinic at the Queen Elizabeth Hospital, Birmingham, and gave informed written consent. The prospective study (study B) was approved by the local Medical Ethics and Research Committee in Beaumont Hospital, Dublin at which the prospective study was performed. Patients were recruited from the Pituitary Clinic at Beaumont Hospital, Dublin, and gave informed written consent.
Results

Patient characteristics
Cross-sectional study (study A) " In total, 53 patients (19 female) consented for the study. Baseline characteristics are detailed in Table 1 . All patients had severe GHD diagnosed on stimulation testing. Of note, 32/51 (62.8%) had an insulin-like growth factor 1 (IGF1) in the normal age-related reference range, highlighting the poor sensitivity of IGF1 as a screening test for the diagnosis of GHD. 11/19 (52.6%) females and 22/34 (67.6%) males were ACTH-deficient. In the ACTH-deficient group (nZ33), 19/33 patients (eight female) received !20 mg HC per day and 14 patients (two female) received O20 mg/day. Twenty-eight patients received twice daily and five patients received thrice-daily HC therapy. In addition, 19/53 patients had TSH deficiency and were Prospective Study (study B) " Ten patients with hypopituitarism and ten matched controls consented for the study. Patient characteristics have been described in detail elsewhere (17) . The aetiology of hypopituitarism was as follows: five subjects had non-functioning pituitary adenomas, two had craniopharyngioma, two had macroprolactinoma and one had successfully treated Cushing's disease (basal cortisol 87 nmol/l and peak cortisol 113 nmol/l on dynamic testing), all had pituitary surgery and one patient had received radiotherapy. All but one subject (who had an intact hypothalamic-pituitarygonadal axis) had complete anterior hypopituitarism.
Patients were on stable pituitary hormone replacement, including GH, and were matched for age, BMI and waist circumference with control subjects (Supplementary Table 1 , see section on supplementary data given at the end of this article). There were no adrenal crises during the prospective study.
Steroid metabolite excretion rates
Study A " Metabolites of GCs were increased in patients receiving HC therapy compared to both healthy controls and patients who had hypopituitarism (and severe GHD) but who were not ACTH-deficient (Fig. 1) .
To further clarify, we analysed the total cortisol (F) metabolites (Fig. 2a) (mg/24 h), THFC5a-THF/THE (a measure of global 11b-HSD1 activity) (Fig. 2b) and urinary free cortisol (Fig. 2c) in patients with normal ACTH reserve and patients receiving HC doses !20 mg/day or O20 mg/day. There was an increase in total cortisol metabolites at higher doses of HC (Fig. 2a) , but also a higher THFC5a-THF/THE ratio (Fig. 2b) in patients receiving both doses of HC, but no change in urinary free cortisol levels between the groups (Fig. 2c) . There was no difference in UFF/UFE ratio, a marker of 11b-HSD2 activity between the groups.
Another key component of GC metabolism is 5-a reductase clearance. We assessed the 24-h excretion of 5a-THF and THF (5b-THF) and also the ratio of 5a-THF/THF. Excretion rates were higher in patients who were receiving HC therapy than those not receiving HC. 5a-THF (ACTH-deficient median 2976 (IQR 925.5-4211) mg/24 h and ACTH replete median 1365 (IQR 444.1-2541) mg/24 h PZ0.06) and THF (ACTH-deficient median 3539 (IQR 2198-4857) mg/24 h and ACTH replete median 1288 (IQR 1099-1998) mg/24 h PZ0.001). However, there was no difference in the 5a-THF/THF ratio in patients receiving HC therapy, PZ0.79).
Study B " Dose A (20 mg/10 mg) was associated with significantly higher total cortisol metabolites compared to the other dose regimens (P!0.05 vs dose B, P!0.001 vs dose C) and healthy controls (P!0.01), while there was no difference between dose B (10 mg/10 mg), dose C (10 mg/5 mg) and control subjects (Fig. 3a) . Although 11b-HSD1 activity was increased across all dose regimens compared to healthy controls, as demonstrated by an increased THFC5a-THF/THE ratio, it was highest in dose A (20 mg/10 mg) (Fig. 3b) . Urinary free cortisol excretion was increased in dose A compared to dose C (PZ0.04) but there was no difference between the other dose regimens or compared to controls (Fig. 3c) . There was no difference in UFF/UFE between controls and HC doses of 10/5 and 10/10 but there was an increase in UFF/UFE ratio when comparing controls and patients receiving HC 20/10. There was no difference in UFF/UFE between the different HC doses.
We assessed the 24-h excretion of 5a-THF and THF (5b-THF) and also the ratio of 5a-THF/THF in patients on different doses of HC and compared to controls. Dose A (20 mg/10 mg) had higher 24-h excretion rates of 5a-THF (P!0.05) and THF (5b-THF) (P!0.05) than healthy controls. Dose A (20 mg/10 mg) had higher 24-h excretion rates of 5a-THF (P!0.05) and THF (5b-THF) (P!0.01) than patients receiving 10 mg/5 mg per day of HC but no differences were seen in patients receiving 10 mg/10 mg HC. There was no difference in the 5a-THF/THF ratio in controls and also in patients receiving dose A, B and C.
There was no correlation between waist circumference and any cortisol metabolite data in the prospective cohort (data not shown).
Effect of HC replacement therapy and cortisol metabolism on body composition
There was no difference in BMI or fat mass between patients who were ACTH replete and receiving HC replacement therapy. However, there was an increase in waist-to-hip ratio (WHR) at higher doses of HC therapy (Fig. 4) . The correlation between THFCalloTHF/THE and BMI (rZK0.43, P!0.001), fat mass on DXA (rZK0.003, PZ0.9), WHR (rZC0.36, PZ0.01) and a DXA-derived ratio of central to peripheral fat mass (rZC0.17, PZ0.41) was assessed in the entire group of hypopituitary patients. There was a significant negative correlation between BMI and 11b-HSD1 activity but no correlation for other markers of body composition. The correlation between total cortisol metabolites and BMI (rZK0.16, PZ0.32), fat mass on DXA (rZK0.17, PZ0.3), WHR (rZC0.25, PZ0.1) and a DXA-derived ratio of central to peripheral fat mass (rZC0.57, P!0.001) was assessed in the entire group of hypopituitary patients. There was a significant positive correlation between the DXA-derived ratio of central to peripheral fat mass and total cortisol metabolites but correlations for other markers of body composition were not statistically significant.
Discussion
These results show that patients with hypopituitarism who receive HC therapy have significant alterations in corticosteroid metabolism. The abnormalities reported were primarily due to an increase in total cortisol metabolites but also induction of 11b-HSD1 activity as assessed by the urinary THFC5a-THF/THE in patients receiving HC therapy. Importantly, there was no change in urinary free cortisol in the cross-sectional study with increasing doses of HC, suggesting that increased doses of HC were not simply excreted in the urine as the renal threshold was reached, but rather underwent intracellular metabolism. The effect of differing doses of hydrocortisone replacement therapy on total cortisol metabolites (a), 11b-HSD1 activity as assessed by THFCalloTHF/THE ratio (b) and urinary free cortisol (c) compared between dose groups and to healthy controls.
Lines represent median and interquartile ranges. *P!0.01.
HC, hydrocortisone in mg. and patients receiving increasing doses of hydrocortisone (HC) therapy (at doses less than or equal to 20 mg/day or O20 mg/day) assessed by 24-h urinary gas chromatography/ mass spectrometry (Study A). *P!0.05, **P!0.001, NS, not significant. Lines represent median and interquartile ranges.
HC, hydrocortisone (mg).
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Hypopituitarism is associated with increased morbidity and mortality (1) . Recently, there has been increasing awareness that the replacement doses of HC classically used to treat patients were greater than the cortisol production rate in healthy controls (10, 11) . Indeed, studies in patients with partial ACTH deficiency have shown similar cortisol day curves to healthy controls, suggesting that these patients are over-treated by conventional steroid replacement therapy (24) . Fillipson et al. (13) described an adverse metabolic profile in a cohort of GHD (hypopituitary) patients on higher daily doses of GC replacement therapy. In patients with acromegaly, we have recently shown that ACTH deficiency is an independent predictor for mortality, with daily doses of HC of O25 mg/day associated with increased mortality, predominantly due to cardiovascular disease (12) . At a molecular level there is evidence that continuous, prolonged exposure compared to intermittent short exposure to GCs may have different effects on a number of steroid-responsive enzymes (25) .
In our study, patients who were on HC therapy had significant alterations in cortisol metabolism, notably an increase in total cortisol metabolites and an increased THFC5a-THF/THE ratio, in keeping with induction of 11b-HSD1 activity; however, there was not a clear dose response. In study A there was an increase in total cortisol metabolites and THFCalloTHF/THE ratio in all patients receiving HC. In study B there was a dose response in total cortisol metabolites and again an increase in THFC alloTHF/THE ratio in all patients receiving HC.
These alterations in corticosteroid metabolism were associated with an increased visceral adiposity, as shown by increased WHR in patients on O20 mg of HC per day and the strong positive correlation between total cortisol metabolites and central-to-thigh fat ratio as assessed by DXA. Visceral adiposity is known in the general population to be associated with insulin resistance, diabetes mellitus, hypercholesterolaemia and hypertension (8, 9) . Bujalska et al. (26) first proposed that excessive activity of 11b-HSD1 within visceral adipose tissue could lead to increased adipose tissue concentrations of GCs and 'Cushing's disease of the omentum'. This was endorsed in transgenic mice with over-expression of 11b-HSD1 within adipose tissue, resulting in increased tissue corticosterone concentrations and increased accumulation of central fat and adipocyte size (27) .
There are a number of potential mechanisms that may link the increased central adiposity in patients with hypopituitarism receiving GC replacement therapy and alterations in 11b-HSD1. GHD has been reported to lead to increased 11b-HSD1 activity (28, 29, 30) . In study A all patients had untreated severe GHD and in study B all patients with GHD were on stable replacement doses. In study A, the greatest induction of 11b-HSD1 was seen in patients who received HC therapy, therefore it is unlikely that GHD contributes significantly -the effect is more likely secondary to exogenous GCs. Visceral adiposity and decreased lean mass are also reported in patients with GHD, and this improves following treatment with GH (7, 31, 32, 33) . Importantly, patients in previous studies of GH replacement were also ACTH-deficient and on HC therapy. The reduction in 11b-HSD1, following GH therapy (and the resultant rise in IGF1) may decrease cortisol exposure to adipose tissue and muscle, thus leading to changes in body composition (28, 29, 30) . Another putative mechanism is that GCs themselves have been reported previously to increase 11b-HSD1 activity and expression (34, 35) , thus leading to a feed-forward regulation of 11b-HSD1 by cortisol that ultimately results in a further amplification of tissue-specific GC action.
We have shown a negative correlation between THFC alloTHF/THE and BMI but a positive correlation between THFCalloTHF/THE and WHR. Previous data with regard to the relationship between urinary markers of 11b-HSD1 activity have been mixed, with some showing a decrease in 11b-HSD1 activity with increasing BMI (23, 36) while others have shown no difference (37, 38, 39) , and indeed some have shown a positive relationship (16, 40, 41 ). This study did not use stable isotope methods for assessment of 11b-HSD in vivo. Previous studies have been performed in either healthy control subjects, obese subjects or diabetic subjects (42, 43, 44, 45) . In order to accurately assess cortisol metabolism patients are infused with deuterated cortisol and metabolic products measured, which allows a more direct assessment of the relative activity of 11b-HSD1 and 2 in vivo than can be inferred by urinary metabolite assessment. These studies were not carried out in our patients but future studies using these techniques would add further information regarding the activity of 11b-HSD1 and 2 in vivo in patients receiving HC.
Another important pathway in GC metabolism is the 5-a reductase system, which converts cortisol to its tetrahydro-metabolites.
Livingstone et al. (46) have recently published studies assessing the effects of 5a-reductase type 1 deficiency in mice and have shown clearance of corticosterone was lower in mice with targeted disruption of 5a-reductase type 1 compared with WT control mice. They also showed that 5a-reductase-deficient male mice had impaired corticosterone responses to ACTH administration and stress compared with WT mice.
Tomlinson et al. (47) have also shown that GC secretion decreased, as did 5a-reductase activity following weight loss, and this may decrease hypothalamo-pituitary-adrenal axis activation and reduce GC metabolite production. We have shown an increase in cortisol tetrahydro-metabolites in patients receiving HC compared with patients not receiving HC (study A) and also that patients receiving the highest dose of HC have an increase in 5a-THF and THF. However, in all studies there was no alteration in 5a-THF/THF ratio. Further studies are required in patients who receive HC therapy to assess the role of the 5a-reductase system in more detail.
One important limitation of the cross-sectional part of this study is the heterogeneous nature of the cohort of patients with hypopituitarism (including differences in gender, body composition, rates of ACTH deficiency and HC doses), which is a common feature of many studies of patients with hypopituitarism (1). There are many other factors that may play a role in altering the set-point of cortisol-cortisone interconversion that has been reviewed in detail by Tomlinson et al. (16) . A number of studies have reported an increased oxoreductase activity of 11b-HSD1 in males compared to females (16, 48) , which will have an impact on our cross-sectional study. Instead of relying on regression analysis in an attempt to separate the effects of gender and body composition in patients receiving HC replacement, we performed a prospective, randomisedcontrolled study in male hypopituitary patients, with each patient receiving HC regimens in a crossover protocol as described above. In doing so, we were able to assess the effect of different HC exposure rates on cortisol metabolism within individuals and control for the confounding factors previously mentioned. Of note, we have recently shown in a rodent model that this tissue regeneration of GCs by 11b-HSD1, rather than circulating delivery, is critical to developing the phenotype of GC excess (49) .
The prospective study confirmed the findings of the cross-sectional study by demonstrating significantly elevated total cortisol metabolites in higher doses of HC replacement, resulting in increased tissue exposure to cortisol, as evident by increased 11b-HSD1 activity across all dose regimens. These results provide further evidence that excess exogenous GC is not simply excreted by the renal system but is metabolised intracellularly, leading to significant tissue exposure and possibly contributing to the metabolic and phenotypic patterns we see in association with hypopituitarism. Given the small numbers in the prospective study, further studies are required in larger patient groups and with other measures of cortisol action and metabolism to assess the role of exogenous steroids in the development of an adverse phenotype.
In clinical practice, there are no reliable measures to ascertain if patients with adrenal insufficiency are receiving optimal GC replacement therapy. As a result, patients with adrenal insufficiency may be both over-or undertreated with GCs with resultant morbidity (1, 13) and mortality (12, 50) . Steroidolomic analysis of urinary GC metabolites may offer the opportunity to optimise GC replacement therapy by aiming for metabolite concentrations and ratios in the normal range; however, further work is needed in this area.
In conclusion, this study demonstrates significant abnormalities in corticosteroid metabolism in patients with ACTH deficiency treated with conventional doses of HC therapy in keeping with increased 11b-HSD1 activity. The induction of 11b-HSD1 is associated with central adiposity. Higher doses of GC replacement therapy may directly and indirectly, via increased total corticosteroid metabolites and enhanced 11b-HSD1 activity, contribute to a deleterious metabolic phenotype. Future studies are required to assess whether urinary corticosteroid metabolites and assessment of specific urinary steroid ratios can be used as an additional surrogate biomarker of GC sufficiency in ACTH-deficient patients with hypopituitarism.
